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Humanoid robots: exploding yet fragmented 

Our contributions 
1) Comprehensive dual-perspective analysis  2) Extensive industrial product analysis
3) Systematic challenge–solution framework  4) Integrated technology assessment
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Technical architecture: a closed-loop system of 
perception, decision-making, and control 

Key technologies 
Hardware, perception & cognition, control & locomotion, and RI 
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State of the art: the academic perspective 
 From model-based control to learning-based adaptation

Main trends: 
• Control shift: transition from model-based (ZMP) to learning-based

(reinforcement learning/imitation learning)

• Open collaboration: the "Open X-embodiment" initiative (293 authors, over 1
million trajectories solving data scarcity)

• Efficiency: OpenVLA (7B parameters) outperforming larger models via better
data efficiency
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 Comparative analysis of market leaders

State of the art: the academic perspective 
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Critical insight: the academic‒industrial gap 

The “Valley of Death” metrics 
 Technology readiness level (TRL):

 Academia (TRLs 3‒4: proof of

concept)

 Industry (TRLs 8‒9: qualified system)

 Testing standards:

 Academic prototypes (100‒1000 h)

 Commercial requirements (MTBF>

 10 000 h)

 Intellectual property:

 Open publication

 Patent protection (actuator patents

dominate industry filings)
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Six major barriers to mass adoption 
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Promising research areas 
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Future outlook  

Term Outlook  

Near-term 
 (1‒3 years) 

Limited commercial deployment in controlled environments with 
improved actuator efficiency and foundation model integration 

Medium-term 
(3‒5 years) 

Multi-robot collaboration breakthroughs and deployment in semi-
structured environments with cost reductions via standardization 

Long-term  
(5‒10 years) 

Truly autonomous humanoid robots operating in complex, 
unstructured environments with large-scale deployment across 
diverse applications 

 This survey provides actionable guidance for advancing the field toward 
more capable, affordable, and socially-integrated humanoid robots. 
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